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New findings are presented for the - 50 residue KH motif, a domain recently discovered in RNA-binding proteins The conserved sequence is - 10 
residues larger than previously reported. Profile searches have revealed new members of this family, including two, E. co11 NusA and human 
GAP-associated p62 phosphoprotein, for which RNA-binding data exists. A nusA homolog was detected in the RNA polymerase gene complex 
of six archaebacterial species and may encode an antiterminator. All KH-containing proteins are linked with RNA and the KH motif most probably 
functions as a nucleic acid bmdmg domain. 
hnRNP; Vigilin: Ribosomal protein; RNA polymerase; 3’-5’ Exonuclease, Profile search 
1. INTRODUCTION 
The hnRNP K protein is one of many associated with 
heterogeneous nuclear RNA [l]. As with most hnRNP 
proteins, the function of hnRNP K is not understood. 
The cDNA sequence revealed a - 40 amino acid repeat 
within the translated sequence that was found to be 
homologous to four proteins of surprisingly diverse oc- 
currence [ 11: Escherichia coli polynucleotide phosphory- 
lase, a 3’-5’ exonuclease involved in RNA turnover [2]; 
yeast MERl, involved in regulation of meiosis-specific 
RNA splicing [3]; yeast HX, of unknown function [4]; 
and ribosomal protein S3, found in all taxonomic king- 
doms and shown in E. coli ribosomes to be in close 
proximity to mRNA downstream of the decoding site 
[5]. The obvious property these proteins share is a close 
association with nucleic acid, leading to the suggestion 
that this domain is likely to be RNA-binding [l]. The 
domain was designated KH (for K-homology). A sec- 
ond recently determined sequence, independently re- 
ported to be homologous with the HX protein, is that 
of vigilin. Vigilin cDNA was isolated by comparative 
screening with mRNA from differentiated and dediffer- 
entiated chicken chondrocytes [6]. Vigilin is of unknown 
function and consists almost exclusively of fourteen re- 
peats of the KH motif. In this article we report the 
identification of new members of the KH family, pre- 
sent a multiple alignment of the known family members, 
indicating significant features, and discuss implications 
for the role of the KH domain. 
2. MATERIALS AND METHODS 
2.1 Computation 
Profiles spanning the 50-residue KH domain were prepared by the 
program PROFILEWEIGHT [7] using the BLOSUM62 substitution 
matrix [8]. sequence weighting and excision of gapped positions with 
more than 80% padding characters, PROFILESEARCH [9] provided 
m the GCG package [lo] was used for searching SWISS-PROT [l l] 
and PIR [12] protein databases with the profiles. Default normalisa- 
tions for amino acid composition and sequence length were turned off. 
As with all sequence searches, in profile searches there is no clear 
demarcation of positive scores from noise The scores are dependent 
on factors such as the length of the ahgned sequences. the residue 
composition. gap penalties, and choice of substitution matrix. In each 
run. scores for candidate hits were compared against the standards of 
previously detected KH domains. Scores given in the results may be 
compared to a maximum score of 9.71 for vigilin down to 6.00 for E. 
coli S3 Discrimmation of true versus false ended below about 4.80 
after which the score curve flattened and was obviously noisy. 
Correspondence address: T.J. Gibson, European Molecular Biology 
Laboratory Postfach 102209, Meyerhofstrasse I. W-6900 Heidelberg. 
Germany. Fax: (49) (6221) 387517. 
Abbre,?ations, ORF, open reading frame; mdel. site of insertion or 
deletion in aligned sequences; hnRNA, heterogeneous nuclear RNA; 
hnRNP, protein associated with hnRNA; KH, domain with hnRNP 
K similarity; 5-APAS-UTP, 5-((4-azido-phenacyl)thio)-uridme-5’ tri- 
phosphate. 
MPsrch (J. Collins and S. Sturrock, Edinburgh), running on a 
MASPAR parallel computer and FASTA [ 131 were used for searching 
with single sequences. Given the short probe sequence, MPsrch scores 
c IO-’ were followed up and < lo-’ considered highly stgmficant. For 
FASTA, optimised scores > 90 were followed up and > 100 were 
considered highly significant. TFASTA [13] was used for searching a 
six-phase translation of the EMBL [I41 and GENBANK [15] DNA 
sequence databases. To check for repeats, profiles were slid along a 
single sequence according to [16]. The GDE colour alignment editor 
(S. Smith, Harvard University) and the program COLORMASK (J 
Thompson, unpublished) were used to prepare the coloured alignment 
m Fig. 1. 
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2.2. Da&base entries 
Sequence entries extracted from SWISS-PROT arc: HX_YEAST, 
S cererlslue HX; PNP_ECOLI. I?. colipolynucleottde phosphorylase: 
MERl_YEAST. S cereviGae MERI, GRP3_ARTSA, Arternia saliw 
grp33; Y 14KHALMO. Halococcu.s morrhuar 0RF139; 
Y14K_HALHA, Halohacterum halobwv ORF139; YRP7_METVA. 
Methonococcu.s vannrelii ORF2: YRP3_SULAC, Sulfolobus acdocal- 
danus ORFl30, YRPL_THECE, Thermococcrt~ celer ORF-X; 
RS3_ECOLI. E coli S3, RS3_HALHA. Halohacterwt~ halobw~~ S3. 
RS3_HUMAN, human S3. 
A sequence entry extracted from the PIR database IS: S23464, 
human vtgthn. 
Sequence entrtes extracted from the EMBL database are: 
BSORFlT7A. Bacdlu~ rubtrhs NusA; HSP62, human GAP-assocrated 
P62: TARPOG, Thetwopla.mla ucidoph~hrm ORF-X. 
A sequence entry extracted from GENBANK 1s: S74678. human 
hnRNP K. 
3. RESULTS 
3.1. Detection of KH repeuts 
Database searches with profiles constructed from 
multiple alignments are more sensitive than searching 
with single sequences but alignment accuracy is critical 
for maximum sensitivity [9]. Before preparing profiles. 
A 
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the hnRNP K, HX and vigilin sequences were reexam- 
ined. Inspection of sequences adjacent to the KH re- 
peats revealed that the domain is some ten residues 
larger than originally reported [l]. with a C-terminal 
conserved element that is separated from the core of the 
motif by a segment which is unconserved and highly 
variable in length. Full-length alignments were used for 
subsequent searches. Profiles were constructed from the 
aligned repeats of human hnRNP K, HX and vigilin 
and first used to check the number of repeats in these 
proteins by sliding the sequence past the profile [16]. 
Fig. lA,B shows that the number of repeats detectable 
by this method in hnRNP K and HX differs from that 
reported [1,6], showing 3 and 6 peaks, respectively. The 
additional repeats were straightforward to align and 
added to the profile dataset. 
The KH profile was used to search the SWISS-PROT 
and PIR protein databases. Scores comparable to the 
known homologs (see section 2 for the score range) were 
obtained for three types of protein: 6.33 for Arternia 
salirzu hnRNP protein grp33 [17]; a range of 5.5997.49 
for five ORFs (in part known to be homologs), that 
B 
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Yeast HX fragment start-site 
C 
-5J 
0 200 400 600 
E.coli nusA fragment start-site 
Fig. 1. Plots of scores from the KH profile shding past a sequence, sampling a window of 50 residue fragments. The score is plotted at the first 
residue in the window. Scores have been converted to standard devtattons relattve to scores generated wtth randomtsed sequence. (A) hnRNP K 
agamst the KH profile. There are three stgmficant peaks (B) HX against the KH profile. There are SIX stgmficant peaks. (C) NusA against the 
KH profile. There are two significant peaks 
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were always 3’ of genes encoding RNA polymerase sub- 
units, and that were isolated from a divergent set of 
archaebacterial species [18-211; and 5.77 for the E. coli 
NusA protein which binds within the RNA polymerase 
complex where it is involved in the mechanism of tran- 
scriptional termination [22]. Further examination of the 
sequences by sliding the profiles against the sequences 
[16] showed one copy of the KH domain in grp33 and 
two copies in the other proteins, although no repeated 
sequences had previously been reported in these pro- 
teins. Figure 1C shows the two statistically significant 
matches to the KH profile in NusA. A profile prepared 
from aligning the archaebacterial ORFs scored 8.06 on 
the NusA sequence, suggesting a close similarity, and 
inspection reveals that they align throughout to a cen- 
tral portion of the larger NusA sequence: they are there- 
fore direct NusA homologs. 
12-14) would be in the first turn of the helix and are 
allowed. The glycine preference at position 14 is unu- 
sual for a helical position and weakens the inference 
from amphipathic periodicity. These sequence charac- 
teristics may indicate that the KH domain has second- 
ary structure /3-a-a-p-/?. Given these elements, the 
folded structure would be a 3-stranded sheet, solvent 
exposed to one side and on the other packing against 
the two helices which could themselves range between 
antiparallel or orthogonal orientations but could not be 
parallel. 
The profile searches were complemented by sequence 
searches with single domains of the protein databases 
using MPsrch and FASTA. These confirmed the NusA 
subfamily (FASTA scores > 100; > 30% sequence iden- 
tity) and that the additions were new members of the 
KH domain. Finally, TFASTA was used to search the 
DNA databases for gene sequences not yet in the pro- 
tein databases. Matches were found for several more 
proteins: a sixth archaebacterial RNA polymerase 
operon ORF [23]; Bacillus subtilis NusA (K. Shazand, 
unpublished): and human p62 GAP-associated 
phosphoprotein [24]. The latter was known to be a ho- 
molog of Artemia grp33 with a reported similarity ex- 
tending beyond the KH domain. 
There are no absolutely conserved residues in the 
aligned sequences, which probably excludes a catalytic 
role for the KH domain. There is a preference for pos- 
itively charged residues at positions 12, 13, 15, 19, 20, 
25, 26. 28 on and between the proposed helices. These 
may be an indication of a surface zone that can bind 
with a negatively charged partner, such as nucleic acid. 
4. DISCUSSION 
4.1. KH-Containing protein subfamilies 
Although the KH domains must share a common 
ancestor, the genetic shuffling processes which char- 
acterise multidomain proteins mean that the proteins 
are not necessarily homologous in their entirety. The 
known KH proteins fall into subfamilies, some of which 
have multiple members. In some cases the groupings 
may allow reasonable guesses to be made about func- 
tions of the less well characterised members. These are 
discussed below. 
3.2. KH Domain alignment 
An alignment of known KH domains is shown in Fig. 4.1.1. The NusA family. The E. coli NusA protein has 
2. Only a representative set (one from each kingdom) of been the subject of considerable study, recently re- 
the > 20 ribosomal S3 sequences is included [25527]. viewed in [28]. NusA modulates the ability of transcrip- 
The alignment was made by a combination of automatic tion to stop at RNA hairpins which cause polymerase 
matching to the profiles and visual inspection of se- to first pause and then, sometimes, terminate. It forms 
quences and of profile-to-sequence dotplots [7]. The part of a complex of proteins associated with RNA 
aligned sequences have four matching blocks inter- polymerase during transcriptional extension. It inter- 
rupted by indels. These are expected to be loops in the acts directly with RNA polymerase and the rho termi- 
protein structure. In some of the most diverged plastid nator protein. N protein from bacteriophage 1, which 
S3 sequences (not shown), the second block also splits promotes antitermination, also acts by binding to 
at the conserved GxxG motif at positions 19-22 with NusA. However, both the direct mechanism of action 
loss of the G signature. Hence this is also likely to be of NusA and its mode of interaction with RNA remain 
a loop region. The five sequence segments that are never obscure. Filter-binding studies imply direct NusA/RNA 
split show clear amphipathicity, as expected if they rep- interaction [29] but no specific recognition sequence has 
resent elements which pack in a folded globular struc- been delineated. Although the presence of NusA in a 
ture and are partly buried and partly solvent accessible. transcription complex can stabilise RNA at a pause site 
Segments 1, 4 and 5 have an alternating pattern of against nuclease probes, this could be an indirect effect 
hydrophobic and hydrophilic residues. These segments [30]. NusA could not be photo-crosslinked to 5-APAS- 
are compatible with /?-strands, with packing interac- U-containing RNA hairpins, indicating that it may not 
tions to one side of the p-sheet. but are inexplicable by sample the bases at pause sites [31]. The multiple do- 
a-helical periodicity. By contrast, segments 2 and 3 have main structure in NusA, which is revealed here, suggests 
conserved hydrophobicity 3/4 residues apart. These fit that functional sites are localised to discrete regions of 
the behaviour of a-helices with packing interactions to the sequence, which may be useful in experimental de- 
one side. The observed prolines in segment 2 (positions sign. 
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The archaebacterial homologs of NusA would be ex- 
pected to have a related function. A close involvement 
with RNA seems likely since the ORFs are sandwiched 
between four RNA polymerase subunit genes and three 
that encode ribosomal proteins. The simplest hypothe- 
sis is that they too are anti-terminators. However, as 
they are shorter, lacking - 200 N-terminal and - 150 C- 
terminal residues, it would follow that they associate 
with fewer factors and that regulation of transcription 
termination may therefore be simpler in these organ- 
isms, 
4.1.2. The VigilinlHXfamily. Vigilin and HX are linked 
by two features. First, they consist almost entirely of 
large numbers of KH repeats, 14 and 6 respectively. 
Second, in these proteins the KH repeats are preceded 
by a conserved and obviously helical - 15 residue motif 
[6]. Essentially the entire proteins thus have a common 
origin, although the domain amplification process has 
gone further in vigilin. Their functions will be built on 
the function of the single KH unit itself. High levels of 
vigilin expression have been shown for chondrocytes 
and other collagen-producing tissues, but its expression 
in other tissue types has not been assessed [6]. Therefore 
it is too early to judge whether a role in tissue-specific 
RNA metabolism is likely and whether this extends to 
an involvement with collagen gene transcripts. 
4.1.3. The grp33ip62 family. These proteins share > 65% 
homology over - 100 residues including the KH domain 
[24]. The remainder of the sequences, which cannot be 
aligned, are non-globular and it is difficult to assess 
whether there are residual related elements. Grp33 was 
purified from hnRNP complexes of brine shrimp but 
has no known function. P62 was purified as a GAP- 
binding protein exhibiting tyrosine phosphorylation. 
Thus it is involved in the P21”” signalling pathway. The 
homology to grp33, which suggests a link between the 
signalling pathway and RNA metabolism, was very un- 
expected and prompted RNA band shift experiments 
[24]. It was found that both the intact protein and an 
N-terminal cyanogen bromide fragment, containing the 
KH domain, could bind and shift RNA. This prelimi- 
nary experiment provides perhaps the most direct evi- 
dence that the KH domain is RNA-binding. 
4.2 The probable role of the KH domain 
Siomi et al. [l] have suggested that the KH domain 
might bind RNA on the basis of its presence exclusively 
in proteins involved in RNA metabolism. The addi- 
tional KH-containing proteins presented here strongly 
support this hypothesis. Nevertheless decisive proof of 
such a function is lacking. If NusA does bind to RNA, 
it seems neither to recognise the sequence nor to be close 
to any bases in the terminator hairpin. Thus for NusA, 
RNA-binding would be independent of sequence. This 
is also true of polynucleotide phosphorylase which at- 
taches to the 3’ terminus of an RNA molecule and 
processively degrades it to mononucleotides [32]. The 
ribosomal S3 protein crosslinks to ribosome-bound 
mRNA at a position 3’ to the decoding triplet bound by 
tRNA. This implies a close association, with no sugges- 
tion of sequence specificity [5]. Based on these three 
proteins, it seems reasonable to suggest that the KH 
domain functions in the non-specific recognition of sin- 
gle-stranded nucleic acid, perhaps with the ability to 
slide along the molecule without detaching. Although 
this could always be the function of KH domains, the 
possibility of sequence specificity in other KH proteins 
should not yet be ruled out. Indeed in the RNP motif 
family [33,34] there are both highly and poorly sequence 
specific members. MERl, which is involved in cell 
cycle-specific regulation of splicing activity is a candi- 
date for sequence-specific binding, as perhaps is the 
vigilin protein. 
If the KH motif functions in RNA-binding, several 
parallels can be drawn with the other generic RNA- 
binding motif, the RNP domain [33,34]. Both domains 
have a taxonomic distribution ranging from bacteria to 
eukaryotes, indicating an early origin in cellular evolu- 
tion. Both occur, singly or in several copies, although 
there are no examples of massively repeated RNP do- 
mains in the manner of vigilin. Both are found in a 
broad range of proteins eg. RNP family members in- 
clude E. coli transcription terminator rho [35], mRNA 
poly(A)-binding protein [36] and many snRNPs and 
spliceosomal proteins [listed in 331. Differences are that 
the RNP domain is larger (- 90 residues) and that there 
is much evidence for direct base-contact (e.g. [37,38]). 
Given the present state of knowledge, it would appear 
that the RNP domain occurs in situations where base 
sampling is necessary and the KH domain where it is 
not. 
4.3. Summary 
It has been shown here that the KH domain occurs 
in a wide variety of proteins whose only common prop- 
erty is that they are associated with RNA. The domain 
is usually, but not always, repeated two or more times. 
KH proteins are involved in translation initiation, tran- 
scription termination, P21’“’ signalling pathways, 
processive 3’-5’ degradation of RNA. meiosis-specific 
splicing and are frequently found in association with 
hnRNA. The limited experimental evidence suggests, 
but does not prove. that KH domains bind to single- 
stranded RNA in a non-specific manner. 
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